Abstract-Magnetorheological fluid (MRF) materials are used in many devices as smart materials. However, the application of this material is limited to damper or vibration absorber because of the lack of understanding of its magnetic hysteresis properties. This paper systematically presents our recent investigation and simulation on the magnetic hysteresis properties of MRF materials. The measurement of its magnetic hysteresis property was accomplished by using a two-dimensional single sheet tester with an MRF sample container. An extended large-scale atomic/molecular massive parallel simulator, which is combined with the Stoner-Wohlfarth hysteresis model, was employed for simulating the magnetic hysteresis properties of MRF material. The measurement and simulation results are compared, analyzed, and discussed. The results will be useful for modeling of magnetic hysteresis properties of MRF materials.
to damper or vibration absorber [5] [6] [7] [8] [9] [10] . In the recent years, research work has been carried out on the property characterization of the MRF materials, followed by laboratory experiments and applications in other devices [11] [12] [13] [14] [15] [16] .
In order to describe the inherent behavior of the device, such as the hysteresis characteristics of the materials and associated devices, some mathematical models were proposed. However, these models cannot explain the magnetorheological mechanism in generating the device forces. The effects of dynamic behavior, nonlinear, and vector characteristics of MRF materials were not taken into account in these models. Therefore, the magnetic property investigation and measurement of MRF are very important to deeply understand the magnetorheological mechanism, and then establish mathematical models involving the magnetic hysteresis behavior and vector magnetization.
It is noted that the molecular dynamic simulation is an efficient method to investigate the microscale suspension behaviors of MRF. The current simulations, however, mostly focus on the process of aggregation and microstructure of MRF under constant magnetic field [17] . The simulation of magnetic hysteresis property and microstructure of MRF material have been rarely reported. In order to simulate the magnetic property of MRF material, an open source molecular dynamic simulation software package, extended large-scale atomic/molecular massive parallel simulator (LAMMPS), was employed and modified.
The Stoner-Wohlfarth model is a widely used model for the magnetization of single-domain ferromagnets. It is widely used for modeling small particle material in various applications [18] . Because the size of the ferromagnetic particles of MRF material is less than 10 μm, they could be treated approximately as single-domain particles. Hence, the Stoner-Wohlfarth magnetic hysteresis model was employed for the calculation of magnetic moment of ferromagnetic particles.
In this paper, the magnetic property of a kind of MRF material, manufactured by Lord Ltd. USA, was measured under alternating and two-dimensional (2-D) rotating magnetic fields by an upgraded 2-D single sheet tester (2-D-SST). The magnetic hysteresis property of this MRF material was also simulated by LAMMPS. Both measurement and simulation results are presented, compared, and discussed. The results will be useful for modeling the magnetic hysteresis properties of MRF materials.
II. THEORY
When an applied magnetic field is presented, the ferromagnetic particles are affected by elastic force of a matrix, Fig. 1 . Schematic diagram of the ith particle subjected to external forces [16] .
gravity force of itself, and magnetic force between particles. A schematic diagram of the ith particle subjected to external forces is shown in Fig. 1 and its position is governed by the following Langevin equation:
where r i is the position vector and r ij is the distance vector between the ith and jth particles. F h denotes the hydrodynamic Stokes force [19] . F m is the interaction force between the ith and jth particles. The symbol F w denotes the interaction force between particles and boundaries. In this simulation, the periodic boundary conditions are applied. F B is the fluctuating Brownian force and F g is the gravity force of the ith particle. Magnetic particles are treated as magnetic dipoles in this paper. Therefore, the term F m denoting the magnetic dipole interaction force between particles i and j, may be written as
where − → m i and − → m j are the unit vectors of magnetic moment of the ith and jth particles. r is the unit vector of center-tocenter distance vector − → r ij and r min,ij = a i + a j is the minimum sphere distance between two particles with radii a i and a j ; r ij = |r j − r i |; and F 0 d denotes the magnetostatic force's magnitude and takes the form
where μ 0 = 1.256e − 7 N/A is the vacuum permeability, μ c is the relative permeability (with respect to the vacuum) of the matrix material, and m i and m j are the dipole moments of particles i and j, respectively [20] .
For the magnetic property simulation of this material, the magnetic particles are treated as single-domain particles. Hence, as shown in Fig. 1 , a Stoner-Wohlfarth hysteresis model was applied on each particle, by which not only the nonlinear effect of magnetic property but also the magnetic hysteresis of this material could be considered in the simulation. 
III. EXPERIMENTAL AND SIMULATION

A. Magnetic Hysteresis Property Measurement on MRF Material
A 2-D-SST [21] was upgraded to study the hysteresis properties of the MRF materials at the Centre for Electrical Machines and Power Electronics, University of Technology, Sydney. Fig. 2 shows the schematic diagram of the whole testing system and the photograph of 2-D-SST.
The magnetic field used to magnetize the MRF materials is generated by two groups of electromagnets which are arranged along the X-and Y-axes, respectively. The excitation current was supplied by a power amplifier that has two output channels. The original waveform signal, which was the input of the power amplifier, was generated by a function generator. By varying the waveform signal, e.g., magnitude and/or phase, any combination of 1-or 2-D magnetic field can be obtained, such as alternating magnetic flux density inclined at a specified angle from the X-or Y-axis, and circularly or elliptically rotating magnetic flux density. Various B loci in the sample, such as circles and ellipses, could be obtained by controlling magnitude and/or phase angle of output waveform of function generator. A group of circular B loci and corresponding H loci, shown in Fig. 3 , have validated that the SST works well.
A square MRF sample container was placed in the center of 2-D-SST tester, as shown in Fig. 2(b) , which was designed for the measurement. The container was made of nonmagnetic Plexiglas material with four mild steel magnetic poles embedded along the four sides. The length of each edge is 54 mm. To improve the measurement precision, the MRF container was designed as a sandwich structure. The top and bottom sections were separated by a middle partition with 1 mm thickness.
The magnetic field intensity sensing coil (H-coil) and flux density coils (B-coils) were fabricated to be small and thin to improve the measurement accuracy. The H-coil has two orthogonal thin windings so that it could measure both Hx and Hy components. The coil was embedded in the center of the partition and separated from the MRF sample by a 10-μm-thick plastic sheet. Eight B-coils were placed at the inner surface of the container, so that the flux densities along the x-and y-directions could be measured. The H-coil and B-coil were calibrated in a long solenoid to obtain accurate coil coefficients. The positions of sensing coils are illustrated in Fig. 4 . In this configuration, the H vectors were measured by the H-coils (see 9 in Fig. 4) , and the B vectors were measured by four pairs of small annular B-coils, that is, 1-3, 5-7 pairs measuring the x-direction and 2-4 and 6-8 pairs measuring the y-direction.
B. Theory of Measurement and Calibration of Sensing Coils
The surface magnetic field strength along one axis, e.g., the x-axis or the y-axis, can be computed from the induced output voltage of the coil along that axis
where V Hi is the output voltage of the coil, μ 0 the permeability of air, and K Hi the coil coefficients, which are determined by the calibration solenoid as K Hx = 0.00109, K Hy = 0.00147. The detail results are listed inTables I and II, where I is the excita- 
where N Bi is the number of turns, A Bi the cross-sectional area, and V Bi the induced terminal voltage of the B-coil on the axis. The coefficients K Bi = N Bi A Bi can also be determined by the calibration solenoid as K Bx = 0.00143, K By = 0.00138. The detail results are listed inTables III andIV. All the parameters are in RMS values.
C. MRF Material Sample
A kind of MRF, MRF-132DG, manufactured by LORD Ltd. USA, was used in the magnetic hysteresis property investigation. Table V lists the typical properties of the material.
D. Simulation
For simulating the magnetic hysteresis properties of MRF materials, an extended LAMMPS was employed. It provides not only an embedded routine for large-scale and 3-D Brownian dynamic simulation but also an extensive library of potential functions and force fields. In this paper, the function of the 1. The viscosity of a fluid is a measure of its resistance to gradual deformation by shear stress or tensile stress. For liquids, it corresponds to the informal concept of "thickness." 2. The flash point of a volatile material is the lowest temperature at which vapors of a fluid will ignite.
magnetic force and the Stoner-Wohlfarth hysteresis model was added to this software package. Hence, it can not only simulate the aggregation of magnetic particle of MRF materials, but also the magnetic hysteresis properties of MRF materials under applied magnetic field. A particle system which contains 4000 particles, shown in Fig. 5 , was used to simulate the aggregation structure and magnetic hysteresis properties of MRF material. The aggregation structures of MRF material under 1-D alternating and 2-D rotating applied magnetic fields are shown in Fig. 5(a) and (b), respectively. In this simulation, each particle was applied by the Stoner-Wohlfarth magnetic hysteresis model and the orientation of easy axis was set randomly. The magnetization status of each particle, such as orientation of easy axis, intensity of magnetization (M), and intensity of applied magnetic field (H), was updated and recorded in each time step. Various M could be obtained by accumulating the Ms of all the particles. Fig. 6 illustrates the measured (solid line) and simulated (solid line with circular symbols) H-B hysteresis loop of MRF material with 15 Hz 1-D alternating applied magnetic field. The measured remanence is 0.006 T, the coercivity is 0.038 kA/m, and the relative permeability is about 4.56, which is not large due to particle separation and strong demagnetization field. The relative permeability is consistent with the data provided by manufacturer. The simulated remanence is 0.009 T, the coercivity is 0.12 kA/m, and the relative permeability is 4.43.
IV. RESULTS AND DISCUSSION
A. Magnetic Hysteresis Property Under 1-D Alternating Applied Field
B. Magnetic Hysteresis Property Under 2-D Rotating Applied Magnetic Field
In the measuring of magnetic hysteresis property under 2-D rotating applied magnetic field, people often measure the H loci under circular B loci because the B loci is easier to be controlled as a circular shape than H loci. Fig. 7 shows a series of controlled circular B loci (a) and corresponding H loci (b) at 15 Hz. It can be seen from the B and H loci that the sample shows isotropic characteristic when it is subjected to circular magnetic fields. The slight distortions of H loci may be caused by magnetic coupling between x-and y-axis poles of the tester because the particles aggregated between the neighbor poles. Fig. 8 illustrates the simulation of a series of controlled circular H loci (b) and corresponding B loci (a) at 15 Hz. It can be seen from the B and H loci that the simulation results show isotropic characteristic which are similar to the measured results. For simulation, the magnetic field intensity H was set before running the simulation, so the shape of H loci could be controlled as circle easily. On the other hand, the shape of B loci cannot be controlled as circles easily because the B loci are the output of particle system and affected by the complex interaction of B among particles. 
V. CONCLUSION
Some research results on magnetic hysteresis property of MRF material were presented in this paper. The magnetic hysteresis property of this material under 1-D alternating and 2-D rotating applied magnetic fields was measured and investigated. A molecular dynamic simulation method, which combines the Stoner-Wohlfarth magnetic hysteresis model and molecular dynamic simulation, was applied successfully to simulate the aggregation structure and the hysteresis property of MRF material. The simulation results illustrate the different aggregation structure of MRF material under 1-D alternating and 2-D rotating applied magnetic fields. This enables us to reveal the relationship of magnetic hysteresis properties between microscopic ferromagnetic particle and macroscopic MRF material and it is also possible to propose a new magnetic hysteresis model based on the work of this paper.
